Stationary-phase Escherichia coli cultures showed enhanced osmotic resistance as compared with cultures in mid-logarithmic growth or preadapted to osmotic stress. The osmotolerance that developed during starvation or osmotic adaptation required de novo protein synthesis. Of the 22 polypeptides induced during osmotic shock, five were also starvation proteins.
Stationary-phase bacterial cultures exhibit several physiological properties not present during exponential growth. These include increased proteolysis (5, 10, 12) , induction of about 40 starvation-related proteins (6, 7, 10) , and enhanced resistance to heat, oxidative stress (9) , and antibiotics (3, 10, 14) .
Our laboratory previously demonstrated that starvation survival depends on de novo protein synthesis (12) ; correlative evidence suggests that a subset of starvation proteins, the Pex proteins, play a significant role (11, 13) . Pex proteins are synthesized when cultures are deprived of carbon, nitrogen, or phosphorus and are further distinguished by a lack of dependence on the positive effector cyclic AMP for induction during starvation. Additionally, several Pex proteins show induction during heat or oxidation stress and have been correlated with the enhanced thermal and oxidative resistance that develops during starvation (9) . The fact that starvation conferred a strong cross protection against very different stresses prompted the present investigation in which the cross-protective effect of starvation against osmotic stress was examined.
We assessed the osmotic resistance of glucose-starved cells by comparing the viability of Escherichia coli K-12 cultures osmotically challenged during mid-logarithmic growth or 4 h after entering the postexponential phase. Cultures were grown at 37°C in M9 medium (8 mM 4 h before osmotic challenge, since the induction of starvation proteins is essentially complete (7) and maximal resistance to heat and oxidation challenges occurs (9) by this time.
Starved cultures consistently showed higher osmotic resistance than did similar cultures challenged during logarithmic growth (Fig. 1) . The cross protection that starvation conferred against osmotic challenge depended on de novo protein synthesis during starvation, since the addition of chloramphenicol, a protein synthesis inhibitor, at the onset * Corresponding author.
of starvation prevented the development of osmotic protection ( Fig. 1 ). An adenylate cyclase mutant of E. coli K-12, AMS2 (Acya-854), which is unable to synthesize cyclic AMP (13) , exhibited approximately the same degree of osmotic resistance during starvation as did the wild-type parent (Fig.  1 ). This finding suggests that the starvation proteins important in osmotic resistance are cyclic AMP independent for their induction during starvation.
Logarithmically growing cultures adapted to a low, nongrowth-inhibiting osmotic shock (0.30 to 0.35 M NaCl) before osmotic challenge (2.5 or 2.2 M NaCl [ Fig. 2] ) also showed enhanced osmotic resistance, although it was less marked than that induced by starvation. A 1-to 2-h adaptation period was sufficient for maximal osmotic resistance; cultures osmotically adapted for 4 or 6 h showed the same degree of osmotic resistance (Fig. 2, inset) resistance following the addition of chloramphenicol at the onset of osmotic adaptation demonstrated that de novo protein synthesis was also important in this protective response (Fig. 2) . These results document an osmotic adaptation response corresponding to the established adaptation responses to heat and oxidation (1, 15) .
The fact that 4 h of starvation provided stronger osmotic resistance than did osmotic adaptation is consistent with our previous observation that starvation conferred greater resistance to heat or oxidation challenge than did the respective maximal adaptive treatments (9) . This cross protection against three disparate stresses suggests that a strong, general resistance develops in starving bacterial cultures.
Since glucose starvation and osmotic adaptation both led to enhanced osmotic resistance and protein synthesis was required for protection in either case, we investigated whether common proteins were induced during these treatments. Two-dimensional gel patterns of proteins synthesized by E. coli K-12 cultures during osmotic adaptation were compared with those determined previously for glucosestarved cultures (6, 7) . A K-12 culture growing in M9 medium (8 mM NaCl) was upshifted to 0.35 M NaCl by the addition of granular NaCl. Samples were taken at 0, 30, 60, and 120 min after osmotic shock, pulse-labeled for 3 min with L-[355]methionine, and chased for 1 min with unlabeled methionine. Two-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 10.5% acrylamide was performed as previously described (7).
By 30 min of osmotic adaptation, nearly all 22 proteins induced during osmotic shock (Fig. 3) had attained the maximal level of synthesis; five of these corresponded to previously identified starvation proteins. All five were Pex starvation proteins (9, 13) . Two heat shock proteins (numbers 17 and 38; Fig. 3 NOTES 2781 induced (9) . That widespread induction of heat shock proteins does not occur during osmotic stress has also been reported in other bacteria (1, 8 Osmotic stress conditions mimic other physiological features of starvation (10) in addition to inducing similar proteins. For example, increased osmolarity in bacterial cells is associated with the inhibition of DNA replication, cell growth, and nutrient uptake (4) . Whether common survival mechanisms exist during these two stresses and what role common proteins play in these processes are questions remaining to be explored.
